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Abstract
We propose a unification scheme based on quantum energy inequalities and quantum interest
conjecture. By adopting this direction we were able to answer many outstanding questions related
to the fact that our universe is a four-dimensional spacetime, the arrow of time problem, possible
interpretation of the weakness of gravity and hierarchy problem, the probabilistic nature of quantum
mechanics, matter-antimatter asymmetry and many others.
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The main purpose of the humankind is to find answers to longstanding questions related to the be-
ginning, evolution and fate of the universe or more precisely the multiverse that we live in. To be able
to answer these questions, we need a unified physics that can precisely describe all phenomena in nature
from “tiny” particles to “giant” black holes. The first decent attempt to quantize gravity using the canon-
ical quantization was done by Matvei Bronstein in 1935 [1]. However this theory is limited to weak
gravitational fields. Moreover it can not be used to describe the whole reality of our universe such as the
hierarchy problem and dark matter/dark energy.. etc. Up to date, the most “successful” models for uni-
fication were superstring theories/M-Theory [2] and noncommutative geometry description of quantum
fields and standard model of particle physics [3]. For example, the aforementioned hierarchy problem
can be solved using ideas from supersymmetry. Moreover, the weakness of gravity can be understood
using millimeter sized extra dimensions where gravitons may skip into these extra dimensions while
photons can not [4]. Apparently there exist a lot of models in the literature that try to describe the reality
at microscopic level including gravity either by changing the number of spacetime dimensions or the
gravity itself. One important question to ask “ what makes a specific model true or not?”. This question
would be answered gently if one can have a decent description of the whole multiverse but at micro-
scopic level. Instead of trying to quantize gravity and other forces at Planck scale to make a description
we shall start our analysis by formulating general quantum-based conditions that holds for large scale
objects. These conditions can be used in determining which model is true or not.
Since there exist large number of models in the literature, it would be difficult to study in detail all of
them. I will take some models as an example and give the general procedure applicable for all possible
models for further investigations.
Quantum field theory allows for energy density to be locally negative at a spacetime point for a
specific period and magnitude determined by the so called “Quantum Energy Inequalities” QEI [5–8].
This fact violates the Weak Energy Condition (WEC) Tµνuµuν ≥ 0 where Tµν is the renormalized stress-
energy tensor and uµ is an arbitrary timelike vector. By continuity, WEC holds for null vectors too. Weak
energy conditions has been used in proving singularity theorems for many scenarios such as gravitational
collapse, open universes and inflationary cosmologies [9–12]. Besides the WEC, we can impose further
conditions on the stress-energy tensor such as the Dominant Energy Condition (DEC) and the Strong
Energy Condition (SEC) [7]. At cosmological scale, SEC is violated sometime between the epoch of
galaxy formation and the present time as shown in [13,14]. This implies that one third of the present day
energy is due to cosmological constant. The strong energy condition requires
(Tµν − 12gµνT )u
µuν ≥ 0, (0.1)
for all causal vectors uµ . This condition was used in proving the Hawking-Penrose singularity theo-
rem [12]. However many massive field theories such as massive scalar fields violate the strong energy
condition. To see this, consider a massive scalar field in Minkowski spacetime which has the following
stress-energy tensor
(Tµν − 12gµνT )u
µuν = (∂µφuµ)2+
1
2
m2φ2uµuµ (0.2)
= (∂µφuµ)2+
1
2
φ∂µ∂ µφuνuν .
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If the scalar field or its second derivative in 0.2 becomes sufficiently large, the absolute value of the
second term will be larger than the first term. since uµuµ ≤ 0 , the strong energy condition is violated.
As shown by Bekenstein, the violation of strong energy condition may have implications on nuclear
matter [15]. All aforementioned energy conditions are being defined locally. However as emphasized by
Tipler [16], it is possible to define the same energy conditions over complete timelike and null geodesics.
This averaging constrains the extent of energy conditions breakdown. Over complete timelike geodesic,
the Averaged Weak Energy Condition(WEC) reads∫ ∞
−∞
Tµνuµuνdτ ≥ 0, (0.3)
where uµ is the tangent vector to the timelike geodesic and τ is the observer’s proper time [17]. Ac-
cording to topological censorship principle, the possibility of traversable wormholes requires violation
of the averaged null energy condition (ANEC) i.e.
∫
dλ Tµνκµκν is non-negative for any null geodesic
with associated affine parameter λ and tangent vector κµ is [18, 19]. The violation of classical energy
conditions corresponds to the existence of negative energy densities that appears for example in Casimir
effect and squeezed light. The existence of such states in large amounts and significant time will have im-
plications at macroscopic level such as traversable wormholes, time machines and others [20–26,28–38].
In [6, 39], Ford suggested an inequality that restricts the extent of negative energies seen by inertial
observers. These quantum energy inequalities are uncertainty-principle type inequalities imposed on the
duration and magnitude of negative energy fluxes. The general shape of quantum inequalities is∫ ∞
−∞
g(t)〈Tµνµµµν〉dt ≥− Cτd , (0.4)
Here Tµνµµµν is the normal-ordered energy density operator which is classically non-negative, t is the
observer’s time, and g(t) is the sampling function with characteristic width τ . From the right hand side
of 0.4 we notice that quantum inequalities are inversely proportional with τ to the power of spacetime
dimensions d. The quantity C is a numerical constant that varies according to the sampling function
[7]. The generic form of the constant C written in term of dimensionless variable tt0 in two and four
dimensions are [40, 41]
C =
1
24pi
∫ ∞
−∞
[G(z)′]2
G(z)
dz, (0.5)
C =
1
16pi2
∫ ∞
−∞
[G
1
2 ′′(z)]2dz. (0.6)
Here G(z) = t0g(t). We start our analysis with free massive scalar field in flat spacetime with space-
time dimensions d. Our metric sign convention is (−,+ . . . ,+) with h¯ = c = 4piG = 1(G being the
gravitational constant). The wave equation for the scalar field φ is
(−m2)φ = 0, (0.7)
where= ηµν∂µ∂ν =− ∂ 2∂ t2 +Σd−1i=1 ∂
2
∂x2i
is the d’Alembert operator in Minkowski space with metric ηµν .
We expand the field operator in term of annihilation and creation operators as
φ = Σk(ak fk+a†k f
?
k ), (0.8)
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where the mode function is taken over a normalization volume V as
fk =
i√
2ωV
ei(k·x−ωt). (0.9)
with ω =
√
|k|2+m2 and m being the rest mass. The stress tensor for massive scalar field is
Tµν = ∂µφ∂νφ − 12ηµν(∂αφ∂
αφ +m2φ2). (0.10)
The renormalized expectation value of the energy density for arbitrary state |ψ〉 in the reference frame
of an internal observer at an arbitrary spatial point x= 0 is
〈T00〉= Re2V Σk′k
(ω ′ω+k′ ·k)√
ω ′ω
[〈a†k′ak〉ei(ω
′−ω)t + 〈ak′ak〉e−i(ω
′+ω)t ] (0.11)
+
Re
2V
Σk′k
m2√
ω ′ω
[〈a†k′ak〉ei(ω
′−ω)t−〈ak′ak〉e−i(ω
′+ω)t ].
Here time t is the proper time of observer. Following [39,42,43], we multiply 〈T00〉 by a peaked function
of time with characteristic width t0. We choose a Lorentzian sampling function whose time integral is
unity. The integrated energy density is
ρ̂ =
t0
pi
∫ ∞
−∞
〈T00〉dt
t20 + t
2 (0.12)
=
Re
2V
Σk′k
(ω ′ω+k′ ·k)√
ω ′ω
[〈a†k′ak〉ei|ω
′−ω|t0 + 〈ak′ak〉e−i(ω
′+ω)t0]
+
Re
2V
Σk′k
m2√
ω ′ω
[〈a†k′ak〉ei|ω
′−ω|t0−〈ak′ak〉e−i(ω
′+ω)t0].
Using the following lemma Σk′k
k′iki√
ω ′ω
〈a†k′ak〉ei|ω
′−ω|t0 ≥ Σk′k k
′
iki√
ω ′ω
〈a†k′ak〉ei(ω
′−ω)t0 where i = x,y,z... is
the spatial coordinates, we obtain
ρ̂ ≥ Re
2V
Σk′k
(ω ′ω+k′ ·k)√
ω ′ω
e−(ω
′+ω)t0[〈a†k′ak〉+ 〈ak′ak〉] (0.13)
+
Re
2V
Σk′k
m2√
ω ′ω
e−(ω
′+ω)t0[〈a†k′ak〉−〈ak′ak〉].
The last equation can be simplified using the following lemma [43],
2Re Σk′k Ck′Ck [〈a†k′ak〉+ 〈ak′ak〉]≥−Σk(Ck)2. (0.14)
The result is
ρ̂ ≥− 1
2V
Σk ωe−2ωt0. (0.15)
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Let V → ∞ and Σk→ V(2pi)d−1
∫ ∞
−∞ dd−1k, then the inequality 0.15 becomes
ρ̂ ≥− 1
(2pi)d−1
∫ ∞
−∞
dd−1k ωe−2ωt0 (0.16)
Using dd−1k = (d−1)pi
( d−12 )
Γ( d−12 +1)
kd−2dk and |k|2 =√ω2−m2, we find
ρ̂ ≥− 1
(2pi)d−1
∫ ∞
0
(d−1)pi( d−12 )
Γ(d−12 +1)
(ω2−m2) d−32 ω2e−2ωt0δ (ω2−m2)dω. (0.17)
After removing the Delta function and updating the integral lower bound to be the mass cutoff, our
inequality takes the desired form
ρ̂ ≥− (d−1)pi
( d−12 )
(2pi)d−1Γ(d−12 +1)
∫ ∞
m
(ω2−m2) d−32 ω2e−2ωt0dω (0.18)
We make change of variables in the last inequality, the final result can be written as
ρ̂ ≥− (d−1)pi
( d−12 )
(2pi)d−1Γ(d−12 +1)(2t0)d
∫ ∞
y
(x2− y2) d−32 x2e−xdx, (0.19)
where x = 2ωt0 and y = 2mt0. The integral G(y) =
∫ ∞
y (x
2−y2) d−32 x2e−xdx
limy→0
∫ ∞
y (x2−y2)
d−3
2 x2e−xdx
should approach 1 when
y→ 0 in order not to have contradiction with massless energy inequalities i.e.limy→0[G(y)] = 1. In other
words, 0.19 should give the massless quantum energy inequality when m→ 0. Moreover, limy→∞[G(y)]=
0 and limy→−∞[G(y)] should be indefinite in R since masses at large scales are positive. It is not difficult
to notice that only d = 2,4 obey these conditions since limy→−∞[G(y)] =−∞ for d 6= 2,4. But why our
multiverse has four dimensions ( 3 for space and 1 for time) at the macroscopic level not two dimensions
( 1 for time and 1 for space)? To answer this question, we plot the integral G(y) with respect to y ( see
Fig.1) , we notice a peak in the interval [0,1.2]. This peak happens to be present in two dimensional case
only. Thus, in two dimensions, G(y) can take slightly a value greater than 1 for small masses [43]. Sim-
ilar behavior happens to be present in the case of quantum inequality in the four-dimensional Einstein
universe [44]. To exclude the two-dimensional case, we assume the following “ The magnitude of quan-
tum inequalities for a massive scalar field is always less than quantum inequalities for the same scalar
field with zero mass computed using the same sampling function ”. This assumption will be proven in
the next sections. One advantage of this assumption alongside with the boundary conditions on G(y)
is the possibility of explaining why our observed multiverse is four-dimensional spacetime. Regarding
Maxwell field and other massless fields, they can exist and evolve as a coherent dynamical system for
large scales in any number of dimensions.
According to Quantum Interest Conjecture “ a positive energy pulse must overcompensate the neg-
ative energy pulse by an amount which is a monotonically increasing function of the pulse separa-
tion” [41]. Let assume before the beginning of the multiverse an infinitely dense singularity consists of
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positive and negative energy states such that each negative state has one corresponding positive state.
Note that these states are almost identical at this stage. Any disturbance of this highly homogeneous
dense phase will separate the positive states from negative ones. We can call this moment “ the big bang”
moment. Since we have taken all the positive energy part from this highly concentrated singularity, the
remaining negative energy can be considered as the loan amount. This loan should be re-paid from the
extracted positive energy states with “interest” according to the quantum interest conjecture during fixed
interval of time. Since the loan should be paid in a uniform manner, time must goes in one direction
since each time slice represents an event with a certain installment quantity. This explains why time as
a universal parameter in any multiverse should follow one direction. Thus, adopting this explanation
solves the arrow of time problem and gives strong endorsement of chronology protection conjecture of
Hawking at least for universal large scales [46]. The order in the multiverse can be described gently us-
ing this model and the restrictions imposed on massless states at some stage of the multiverse to become
massive and reduce the interest rate. The inflation in the universe is the attempt of the universe for paying
back the loan with its interest [47].
Now let us consider scalar field in curved spacetime, the Lagrangian density is [48, 49]
Lg[φ ] =
1
2
gµν∂µφ∂νφ − (m2+ζR)φ2, (0.20)
where gµν and R are the metric tensor and Ricci scalar respectively. ζ is a dimensionless coupling
constant. The case ζ = 0 is known as minimal coupling and the case ζ 6= 0 as non-minimal coupling.
The conformal coupling case corresponds to m= 0 and ζ = d−24d−4 . At conformal coupling, the Lagrangian
0.20 is invariant under the following conformal transformations i.e. Lg[φ ] =Lg[φ ]
gµν →Ω2gµν , (0.21)
φ →Ω1− d2 φ , (0.22)
for any smooth function Ω. It is not difficult to notice that in this case the scaling integral G(y) is almost
the same with modification in definition of y ∝ 2
√
m2+ζR t0 [44].
The idea of treating any change or movement in masses or energy pulses in the multiverse or any dynami-
cal system as the attempt of this system for reducing the quantum interest could solve many longstanding
questions in physics. Quantum interest conjecture was introduced in [41] and proven to hold in (3+1)-
Minkowski spacetime using generalized version of Simon’s theorem [50, 51]. The main idea is to treat
the quantum interest as an eigenvalue problem of multiharmonic time-dependent Schrodinger equation
in even d- dimensional spacetime. Thus, there is no danger in searching for quantum interest conjecture
implications on our multiverse.
Dirac suggested the existence of anti-particles in his relativistic theory of electrons. This fact was proven
experimentally in discovering the positron ( the anti-particle of electron). If we assume that particle-
antiparticle pairs were identical in size before the beginning of multiverse as I claimed before in this
work. Then obviously the breakdown of these pairs into separate particle and antiparticle at quantum
gravity scale ( possibly the Planck scale) is what we considered loan process. The positive energy part
is what we call it the universe or the multiverse. The terminology “positive” and “ negative” is just that
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one state is opposite to the other. We call positive matter for the matter we see around us and negative
matter for anti-matter states that are far away at high quantum gravity states. The positive state ( matter
or energy) in our multiverse with its “own” anti-state at quantum gravity scale forms closed entity from
which all the dynamics of it can be deduced and accurately calculated.
Unification Scheme
1- Each state in our multiverse has anti-state at quantum gravity level scale. The dynamics of each
state is the willingness of each state to meet its distinguished anti-state and annihilate.
2- The positive ordinary states can be seen as a loan and the remaining negative states at quantum
gravity level can be seen as the loan amount that should be paid with interest.
3- Any dynamical system in our multiverse follows the fastest road available to re-pay the loan with
lowest interest.
To test the above assumptions, consider a complex scalar field φ = φ1 + iφ2 with its anti-state at
quantum gravity level φ (g)† = φ (g)1 − iφ (g)2 described by the Lagrangian density
L [φ ,φ (g)] = ηµν∂µφ∂νφ†−m2φφ†+gµν∂µφ (g)∂νφ (g)†− (m2+ζR)φ (g)φ (g)† (0.23)
If we consider the anti-state at quantum gravity level to be localised in a four-dimensional de-Sitter
spacetime with the metric
ds2 =−(1− r
2
α2
)dt2+(1− r
2
α2
)−1dr2+ r2(dθ 2+ sin2θdφ2). (0.24)
where the coordinates take the value 0 ≤ r < α , 0 ≤ θ < pi and 0 ≤ φ < 2pi .Then the AWEC for the
whole system can be written as
ρ̂ ≥− 6
32pi2t40
G(2
√
2αt0)+
1
240pi2α2
[
α2
(α2− r2) −
1
2
(1− r
2
α2
)] (0.25)
where we have considered the case m =
√
2α for analytical reasons only [52]. The second term in
the right hand side is positive with respect to our universe because positive energy densities at quantum
gravity level is the negative with respect to them. We plotted the AWEC for different cases in Fig5. When
α = 0, the inequality vanishes. It means that when mass is zero, we do not have violation of AWEC.
This contradicts what we have found earlier for one complex field or real field at quantised level. Thus,
by considering a complex scalar field coupled to its anti-particle in a de-sitter background at quantum
gravity level we succeeded to restore the classical energy conditions in classical general relativity despite
the fact that each field is quantised by itself. Obviously we can not have the case where the state and
its anti-state at quantum gravity scale to be localised in the same curved spacetime type because this
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case always will give a quantum inequality equals to zero. It means that no dynamical system can be
constructed from this system. This fact may describe the weakness of gravity and the hierarchy problem
since we assumed the anti-states to be at quantum gravity level, the curved spacetime that hosts the anti-
states will not be of the same spacetime type that hosts the states in our universe. In any dynamical
system, quantum inequality should not equal to zero for massive case.
Quantum energy inequalities are present in quantum mechanics in the same sense of that in quantum
field theories [53]. One question to ask “Can quantum inequalities and interest conjecture in quantum
mechanics explain the universal wave function interpretation of quantum nature? ” [54]. If we consider
our universe to be represented at quantum level by a universal wavefunction |ψ〉, then the quantum
inequality associated with it will enforce this state to evolve and pay back the loan with interest. There
are many choices for such a state to pay the loan. This corresponds to the uncertainty of quantum states
that we know. However we believe that collectively , the majority of states follow the easiest way in
paying the loan. We believe that at quantum levels, the redundancy of choices is due to the possibilities
available to quantum states for evolution in a stable manner. This in turn implies the existence of our
galaxies and any visible object.
Since there exists for each state a quantum state at quantum gravity level |ψ(g)〉, each quantum state in
our universe is connected to this state via a wormhole-like connection. Since the energies in our universe
is very low comparing to quantum gravity scale, we are unable to observe it. However at high energies,
each quantum state will finally meet with its anti-state and annihilate . This fact might explains why
quantum entanglement and wormholes are connected [55].
What about the “ multiverse” interpretation of quantum mechanics according to the proposed model? At
quantum level, the possibility of having many type of states is maintained by the uncertainty principle
and probabilistic nature of quantum mechanics. However, we do not think that such states out of what we
observe in our universe will establish its own universe. The probabilistic nature of quantum mechanics
collapses when the quantum interest associated with a quantum state is zero . Our observed reality
is constructed from evolved states in a uniform manner. This restriction guarantees the stability and
coherence of our observed universe. Quantum states are states with non-zero quantum inequalities, the
probabilistic nature of quantum states is due to the many ways available for such a state to repay the
loan with interest. The current results does not contradict the result presented in [56–59]. However we
do not believe that there will exists other universes at classical level. The observed universe is the only
“successful” attempt for paying the loan and the rest choices will not have impact at classical observed
level. However the probabilistic nature of quantum mechanics is preserved and all phenomena such as
entanglement are valid.
Each State with its anti-state at quantum gravity level forms a closed entity and the future of each state
can be known precisely by knowing the other state. The interaction of each state with other states is due
to the willingness of this state to increase its energy and be closer to its anti-state. At high critical energy
when the state becomes closer to its anti-state at quantum gravity level, the willingness of this state to
make interactions with surrounding states will decline enormously. This means that coordinate space of
this state can be considered to be noncommutative with other coordinate spaces of other states [3].
As a conclusion, we proposed a model based on quantum inequalities and quantum interest conjecture
that attempts to presents a unified interpretation of classical and quantum worlds. The main assumption
is the existence of anti quantum states at quantum gravity level ( it could be the Planck scale) such that
each state in our universe has corresponding anti-state at quantum gravity level. The dynamics of each
state in our universe can be described as the attempt of this state to pay the loan with interest according to
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Figure 1: The scaling function G(y) in four- dimensional flat spacetime ( blue line ) and two- dimensional
flat spacetime (orange line).
quantum interest conjecture. Comparing our model with other models show that our model is not radical
since what we assumed is the existence of anti-states at quantum gravity level. Anti-states are always
present at least in our ordinary quantum field theory as emphasized by Dirac. However, during the big
bang moment the states and anti-states deviated from each others. The anti-states in our universe such
as positrons has anti-states called “ electrons” but at quantum gravity level. Our model does not exclude
the possibility of having universes with d 6= 4, however we do not believe that such universes or entities
will be able to evolve for significant large time. They are unstable and deemed to collapse shortly after
existence. Regarding time travel, our model suggests the fact that everything will happen with any state
is determined since each state is connected with its anti-state at quantum gravity level. It is possible to
make the time for a given state to go faster by applying external energies. This will make the state closer
to its anti-state. Regarding time travel into back future, by having small amount of exotic matter it is
possible to go back in time. However due to the restrictions on negative energy densities, it is impossible
to have time travel for large number of states. Collectively states in our universe follow one direction of
time enforced by considerations mentioned above connected to quantum interest conjecture. Our results
explain why there is matter-antimatter asymmetry since the majority of anti-states are trapped away at
quantum gravity level. We wish this model to be projected onto many cases and study its impact on
them.
8
Figure 2: Plot of QI in four-dimensional flat spacetime for t0ε[−8,8] and yε[−10,10].
Figure 3: Plot of QI in four-dimensional flat spacetime for t0ε[−8,8] and yε[0,100].
Figure 4: Plot of QI in four-dimensional flat spacetime for t0ε[0,8] and yε[0,100].
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(a)                                                                                         (b) 
 
 
 
(c)                                                                                         (d)    
 
 
 
 
The QI for complex scalar field in a four-dimensional flat spacetime coupled to its antiparticle at 
quantum gravity level in de-Sitter spacetime  for (a) 𝑡0 = 50 , α=-0.04 and r ϵ [0,8]. (b) 𝑡0 = 50 , α=1 
and r ϵ [0,8]. (c) 𝑡0 = 50 , α=0.04 and r ϵ [0,8] and (d) 𝑡0 = 50 , α=-1 and r ϵ [0,8]. 
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